Abstract: A novel alkoxyamine based on N-tert-butyl-1-diethylphosphono-2,2-dimethylpropyl nitroxide (DEPN) has been designed with a functional group, which promotes the chemisorption of free silanols from silicon surface and organicinorganic hybrid materials by a sol-gel process. This alkoxyamine has been synthesized in high yield from styrene oxide and has been employed for the nitroxide-mediated polymerization of styrene and n-butyl acrylate. The resulting alkoxysilane-containing homo-and copolymer precursors have been shown to have narrow molecular weight distributions.
Introduction
Surface-initiated living free-radical polymerisations [1] attract strong interest because of their potential to build well-defined organic/inorganic hybrid composites. This approach is based on the synthesis of alkoxysilane-containing initiators. Nitroxidemediated polymerisation (NMP) is a route to prepare well-defined polymers: the polymerisation proceeds by a reversible combination of propagating radicals with nitroxide free radicals. Unimolecular initiators such as alkoxyamines [2] [3] [4] [5] [6] [7] have been synthesized and successfully employed in nitroxide-mediated 'living' radical polymerisation (Scheme 1) of olefins. Syntheses of alkoxyamines based on the radical trapping technique [3,4a,8-10] or on the nucleophilic method [11] have been developed. Hawker [4a] reported the synthesis of a hydroxyalkoxyamine by hydrolysis of the benzoyl-styrene-TEMPO (TEMPO: 2,2,6,6-tetramethylpiperidin-1-oxyl) adduct and Miura et al. [11] established convenient routes for functionalized alkoxyamines derived from TEMPO derivatives. Recently, the new N-tert-butyl-1-diethylphosphono-2,2-dimethylpropyl nitroxide (DEPN) was synthesized [12] to allow faster polymerization than TEMPO: the homolytic cleavage of the alkyl-oxygen bond is observed at lower temperature for alkoxyamines based on DEPN and the controlled radical polymerization of alkyl acrylates is efficient [13] . Here, we report the high-yield preparation of a triethoxysilane-ended alkoxyamine derived from DEPN (Scheme 2: 1d) that can be employed as organic/inorganic hybrid composite precursor (grafting or sol/gel process). Bulk polymerization of styrene and n-butyl acrylate with 1d was investigated at 110°C.
Experimental part
The different species studied are shown in Scheme 2. Homo-and copolymers were prepared by Hawker's method [4a] , i.e., the synthesis of an alkoxyamine-initiator (1d) followed by polymerization of the monomer [4b] in the presence of 1d. [14] .
Synthesis of 2-chloro-2-phenylethanol (1a)
Preparation of 1a was conducted according to Crotti's method [15] : a solution of styrene oxide (1 mmol) in CHCl 3 (10 ml) was treated with 48% aqueous HBr (3 ml), then stirred at room temperature for 1 h. Evaporation of the washed (with saturated aqueous NaHCO 3 and water) organic solution afforded a crude oily residue which was analyzed by 1 H NMR. 
Synthesis of 1b
To a mixture of 1.4 g (7.52 mmol) of 1a and 0.6 g (7.52 mmol) of pyridine in 10 ml of chloroform was added dropwise 1.52 g (7.52 mmol) of undecenyl chloride in 10 ml of chloroform. After the addition was completed, the reaction was continued for 1 h at room temperature and for additional 2 h at 60°C. The reaction mixture was filtered to remove pyridine hydrochloride. The filtrate was evaporated under reduced pressure and the crude product was purified by column chromatography with ethyl acetate as eluent to give 2.15 g (6.1 mmol) of a yellow oil, 80% yield. IR (KBr, cm 
Synthesis of 1c
The atom transfer radical addition was performed according to Matyjaszewski's method [16] . As a representative example, 0.4 g (1.09 mmol) of 1b in 10 ml of dry toluene was added to a glass ampoule with 0.17 g (1.2 mmol) of copper(I) bromide, 0.08 g (1.2 mmol) of copper powder, 0.35 g (1.2 mmol) of DEPN and 0.2 g (1.2 mmol) of pentamethyldiethylenetriamine. The solution was degassed by three freezepump-thaw cycles, sealed in vacuum and heated at 70°C for 16 h. Then, the solvent was evaporated and the crude product was dissolved in 1:1 CH 2 
Synthesis of 1d
To a three-necked round bottom flask were added, in the following order, 0.7 g (1.2 mmol) of the alkene 1c, 2.2 ml (12 mmol) of triethoxysilane and 37 µl of Karstedt's catalyst (10 -4 Pt per Si). The reaction mixture was stirred under argon for 16 h at room temperature. The excess of triethoxysilane was evaporated under reduced pressure and the crude product was dissolved in dry dichloromethane and passed through a short column of dry sodium sulfate to remove the catalyst (eluent: dichloromethane): 0.65 g; 0.87 mmol; 75% yield. 
Kinetics of polymerization of styrene with 1d
In a typical run, 0.4 g (0.54 mmol) of 1d and 21.74 g (0.21 mol) of styrene were introduced in a glass ampoule. After three freeze-pump-thaw cycles, the ampoule was sealed in vacuum. Then, the reaction mixture was immersed in an oil bath at 110°C. In order to terminate the polymerization, the ampoule was frozen with liquid nitrogen. The polymer was recovered as a precipitate from a large excess of methanol and dried in vacuum at 60°C.
Styrene/n-butyl acrylate copolymers
In a glass ampoule were introduced 0.11 g (10.4 µmol) of PS 95 -DEPN and 2.67 g (20.8 mmol) of n-butyl acrylate. After three freeze-pump-thaw cycles, the ampoule was sealed in vacuum. The prepolymer/n-butyl acrylate mixtures were heated for varying periods of time followed by cooling the mixtures with liquid nitrogen. The copolymers were recovered as described above.
Kinetics of polymerization of n-butyl acrylate with 1d
In a typical run, 0.2 g (0.27 mmol) of 1d and 10.74 g (0.084 mol) of styrene were introduced in a glass ampoule. After three freeze-pump-thaw cycles, the ampoule was sealed in vacuum. Then, the reaction mixture was immersed in an oil bath at 110°C. In order to terminate the polymerization, the ampoule was frozen with liquid nitrogen. The polymer was isolated by evaporation of the monomer in vacuum at 70°C.
Results and discussion

Synthesis of 1d
Well-defined polystyrene and poly(styrene-co-n-butyl acrylate) were prepared from an alkoxysilane-containing alkoxyamine (1d). Scheme 2 outlines the synthesis of initiator 1d in four steps. 1d was synthesized from styrene oxide in high yield in comparison with the published procedure for the corresponding alkoxyamine from styrene [4] . Indeed, the benzoyl-styrene-TEMPO adduct described by Hawker [4a,b] is much more difficult to purify (oligomers mixture) than the adduct 1a (Scheme 2) obtained by reaction of aqueous hydrobromic acid with styrene oxide in accordance to a method described by Crotti et al. [15] . Esterification of 1a with undecylenic chloride gave 1b, which was engaged in an atom transfer radical addition according to the method of Matyjaszewski et al. [16] to give 1c. The olefin 1c was conveniently hydrosilylated with triethoxysilane yielding the desired composite precursor 1d.
Kinetics
The stable free-radical-mediated polymerization of styrene using 1d as initiator was carried out at 110°C to give the expected triethoxysilane-ended polystyrene. In order to examine the controlled radical polymerization process, kinetics, molecular weight and polydispersities were analyzed as a function of time (Fig. 1) and conversion (Fig.  2) . As it can be seen in Fig.1 , a linear ln([M 0 ]/[M]) vs. time plot was obtained clearly indicating first-order kinetics. In addition, a linear correlation between numberaverage molar mass M n and conversion was obtained and polydispersities decrease during polymerization (Fig. 2) . No coupling reactions (hydrolysis/condensation) were observed.
Styrene/n-butyl acrylate block copolymers were also synthesized from PS 95 -DEPN macroinitiator (M n = 9980 g/mol; M w /M n = 1.2). Chain extension of the PS 95 -DEPN macroinitiator was carried out at 110°C in the presence of various amounts of n-butyl acrylate. Due to the very high value of k p for the n-butyl acrylate monomer [13d], Lacroix-Desmazes et al. [17] suggested to add a slight excess of free nitroxide (as low as 5 mol-% based on the concentration of the alkoxyamine) in the mixture to moderate the rate of polymerization: numerical simulation with PREDICI software showed an increase of conversion as high as 70% in a few minutes at 120°C in the absence of added nitroxide. Herein, no violent polymerization occurred at 110°C without excess of free nitroxide: no loose of control was observed and the molecular weight distributions of the copolymers were narrower than M w /M n = 1.4. The living character of the polymerization was attested by the linear increase of ln([M 0 ]/[M]) with time ( Fig. 3) and by the linear increase of molecular weight with conversion (Fig. 4) . The molecular weight distributions were larger than the results published by LacroixDesmazes et al. [17] which was attributed to self termination related to the high value of k p : the rate of the bulk polymerization of n-butyl acrylate is not moderate enough. (Fig. 6 ) were observed. Polydispersities decreased during the polymerization (Fig. 6 ) and the large distribution of mass (M w /M n = 1.5) in the beginning (t = 30 min) is attributed to the low initiation rate in the presence of a styryl-alkoxyamine compared with the polymeri-zation rate of n-butyl acrylate. The differences observed with Lacroix-Desmazes' results might be attributed to the lower polymerization temperature (decrease of the rate of polymerization). 
Conclusion
A triethoxysilane-ended DEPN-alkoxyamine was prepared in high yield from styrene oxide and successfully employed in nitroxide-mediated radical polymerization of styrene and n-butyl acrylate at 110°C. Well defined triethoxysilane-terminated polystyrene, poly(butyl acrylate) or styrene/butyl acrylate copolymers were prepared which are of particular interest for the production of encapsulated silica nanoparticles by co-hydrolysis with tetraalkoxysilane. Results will be published elsewhere. 
